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ABSTRACT 
Air-water mixtures are a very typical phenomenon near hydraulic structures (Chanson, 2004). Physical scale 
models are well established to study some of these phenomena, but due to scale effects it is not feasible to 
study all effects in physical models. For the numerical simulation of the flow field around hydraulic 
structures the volume-of-fluid method (VoF, Hirt and Nichols, 1981) has gained a significant popularity and 
has proven to be suitable for a wide range of applications (e.g. Thorenz, 2012). Unfortunately, VoF is only 
applicable for situations where a well defined air-water interface exists. If mixing occurs, VoF is not able to 
predict the behavior of the mixture correctly. The same is true for the SPH method, if no additional physics 
for phase exchanges are regarded (Fonty et al., 2019). Here, an enhancement for the VoF is presented which 
helps to simulate air-water mixtures focusing on small amounts of dispersed air in water.  
1. Numerical Model 
For the numerical modeling of air-water mixtures typically so called Euler-Euler approaches are used. These 
approaches solve separate momentum equations for each of the fluid phases and couple these equations by 
terms for the momentum exchange between dispersed phase and continuous phase. These methods are not 
directly suitable for situations, where large volumes of a single phase (air or water) exist. Schulze (2018) 
published a variant of the VoF, in which a single momentum equation is solved for the mixture, but instead 
of using a volume averaging approach a mass weighted averaging is used in the momentum equation. Further 
terms were added to account for the mixture effects on the momentum. This was implemented in Open-
FOAM® (Jasak, 1996) and tested for application cases. The approach is able to simulate continuous air and 
water bodies like a VoF method, but additionally enables the simulation of dispersed bubbles in the water.  
The idea presented here uses a more simplistic approach: It is assumed that the momentum transport is 
modelled sufficiently accurate with the VoF. The effect of the mixture on the global flow behavior is taken 
into account by the reduced density and shows up as buoyancy effects. No additional terms in the momentum 
equation are regarded. It is assumed, that the fluid velocity is significantly larger than the bubble rise 
velocity. In a traditional VoF scheme, the transport of the variable 𝛼𝛼, which represents the air-water 
distribution in the model is described by a pure advection equation. As the numerical solution of this 
equation has a tendency to diffuse the distribution of 𝛼𝛼 over time, most implementations use some kind of 
numerically based sharpening of the field. Here, a physically based sharpening is used instead. Due to the 
space constraints, it is explained in simplified form in the following: The air bubble rise velocity (“terminal 
velocity”) for bubbles of different sizes in resting water is well known. Here it was assumed, that the 
terminal velocity can also be interpreted as a relative velocity against the moving fluid, when a small local 
control volume is regarded. As a result the transport equation of 𝛼𝛼 is expanded by an additional flux term due 
to the relative velocity of the bubbles. Furthermore the impact of turbulence on the distribution of air is 
regarded by a diffusion term which is coupled to the turbulent viscosity  [m2 s-1] by the turbulent Schmidt 
number Sc [-]: 𝜕𝜕𝛼𝛼𝜕𝜕𝜕𝜕 + ∇ ∙ (𝛼𝛼 ∙ 𝐔𝐔) + ∇ ∙ (𝛼𝛼(1 − 𝛼𝛼)𝐔𝐔r) − ∇( 𝜈𝜈𝑆𝑆𝑐𝑐 ∇(𝛼𝛼)) = 0 (1) 
In this, 𝛼𝛼 is the volume fraction of the fluid phase [-], t is time [s], U represents the bulk velocity which is 
responsible for the advective transport of the phases [m s
-1
] and Ur is the relative velocity of air bubbles in 
the surrounding fluid [m s
-1
]. For a large range of hydraulically relevant scales (1 mm up to 10 mm) the 
terminal velocity is nearly constant in resting water. As the bubble velocity is governed by the pressure 
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ABSTRACT
A two phase LES model using Euler-Lagrangian two-way coupling has been developed in OpenFOAM. The
model shall be used for the analysis of the development of a sediment plume in a river. Calibration and
validation of the model has been performed using literature values for fall velocity and settling experiments.
1. Aims and objectives
Efficient  sediment  management  requires  detailed  process  understanding  of  sediment  transport  in  rivers.
Despite this fact current literature is still lacking information on that subject. Models of suspended sediment
transport are often based on simple advection-diffusion equations (Hauer et al., 2018). To enhance process
understanding the aim of this study is to develop a high fidelity computational fluid dynamics model of sus-
pended sediment transport in a channel.
2. Methods
2.1. Governing equations and modeling approach
The development of a sediment plume in a channel is studied using a two phase LES model. The flow of the
continuous phase is governed by the three-dimensional Navier-Stokes equations. It  is modeled using the
Eulerian approach on a structured mesh (5.2 Mio. cells). The movement of the dispersed phase (particles) is
governed by Newton’s law of motion and modeled using the Lagrangian approach. Momentum exchange be-
tween the two phases is modeled on the basis of the drag force calculated using an approach by Haider et al.
(1989). The model is solved using a modified version of the OpenFOAM-solver MPPICFoam, neglecting
gravity for the continuous phase and using the PISO alogrithm for pressure coupling (Greenshields, 2018).
Turbulent channel flow is simulated in a rectangular channel of the same cross-sectional dimensions as the
channel used in the experiments by Worf et al. (2019). No-slip boundary conditions are applied for walls, a
slip boundary for the free surface, a von Neumann boundary condition at the outlet and a Dirichlet boundary
condition at the inlet. For the latter turbulent flow has been recorded on a plane in a precursor-simulation of a
channel with the same cross-sectional dimensions and cyclic boundary conditions for outlet and inlet. The
LES model of turbulent channel flow has been validated by Yücesan et al. (2020).
2.2. Calibration and validation test cases
Momentum exchange between the two phases is validated on the basis of fall velocity in still water. Nine
perfectly rounded, spherical particles (ρs = 2650 kgm-3, Dn = 0.5 mm), are released from the top of a rectangu-
lar  domain.  Their  fall  velocity  is  compared to  an empirical  formula developed by Dietrich (1982).  The
boundary conditions for the Eulerian model of the continuous phase are cyclic in all directions. In order to
reproduce the settling behavior of the particles used by Worf et al. (2019) (ρs = 2650 kgm-3, Dn = 0.6 mm) as
accurately as possible, the shape factor is then calibrated with respect to the measured fall velocity in the ex -
periments from Worf et al. (2019) using the same model setup as above.
Validation of the model of suspended sediment transport in turbulent channel flow is done on the basis of ob-
servations by Worf et al. (2019). In this experiment sediment is released into a laboratory channel at an aver-
aged velocity of 0.5 m/s and its trajectories are recorded. The experiment is numerically reproduced on the
basis of the LES model of turbulent channel flow described above (Yücesan et al., 2020).
gradient around the bubble, the gradient has to be evaluated dynamically for moving water. Thus, Ur is not a 
constant, but depends on the local pressure gradient. The pressure gradient around the bubble is converted 
back to an equivalent acceleration a of the fluid and then used to change the direction and magnitude of Ur 
on the basis of the local pressure gradient. For resting water, Ur is the terminal velocity. In the turbulence 
model, a and the density gradient can be used in addition to account for the effects of stratification on 
turbulence. 
2. Application of the developed model 
Recently investigations have been started at the BAW to evaluate the performance of the described approach, 
the approach of Schulze (2018) and of a standard VoF. For this, a physical scale model is used. The scale 
model is a reproduction of a weir at the German waterways, which is to be enhanced in terms of energy 
dissipation. The scale model is implemented in a flume of 20 m length, 0.6 m width and 1.2 m height and has 
a scale of 1:20 and features a moveable bed. Inflow is controlled with a magnetic flow meter and at the outlet 
the water level is controlled. For one of the tested configurations, the air entrainment was captured by 
photograph. For this configuration also a numerical model was set up. It was assumed, that the air 
entrainment is governed by the large features of the flow and thus a LES approach is necessary to capture the 




Fig. 1. Physical (upper) and numerical (lower) model for the simulation of air entrainment in the  
stilling basin behind a weir. The flow is from left to right 
First computations showed a surprising similarity for the extent of the aerated zone between physical and 
numerical model (Fig. 1). In a next step, measurements are to be made with double tip conductivity probes in 
order to gain a more profound validation basis for the distribution of air bubbles in the model. If the 
validation is successful, the numerical model will be scaled up and will be used to quantify the impact of the 
air entrainment on the flow field behind the hydraulic jump. This can be helpful to judge on the scale effects 
of the physical model in comparison to full scale. 
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